Background: Cytoadherence and rosetting contribute to the development of severe Plasmodium falciparum malaria. In Brazil, severe falciparum malaria is mostly associated with renal or pulmonary complications and very rarely with cerebral malaria. The most N-terminal DBL1␣ domain of PfEMP1, a protein encoded by the var multigene family mediates rosetting. We analyzed parasites of Brazilian patients with severe malaria to determine whether there were particular DBL1␣ var sequences predominantly expressed in such patients. Materials and Methods: DBL1␣ var sequences were obtained from parasites of Brazilian patients with severe and mild malaria and were analyzed by standard bioinformatic programs. Three hundred twenty var DBL1␣ sequences obtained from 80 Brazilian patients with mild malaria were spotted in high-density filters and hybridized to probes representing predominantly expressed
Introduction
Plasmodium falciparum is the most virulent and devastating human malarial parasite and is responsible for approximately 300 million annual clinical cases and 1 million deaths, mostly in children under 5 years old. Falciparum infections are characterized by removal from the peripheral circulation of red blood cells infected with mature parasites. This sequestration occurs by adhesion of infected erythrocytes to host receptors in the microvasculature of several organs. This phenotype, termed cytoadherence, cause retention and accumulation of infected erythrocytes leading to occlusion of microvessels and acute pathologic changes associated with severe malaria (1) . Cytoadherence is conferred by the P. falciparum erythrocyte membrane protein 1 (PfEMP1), encoded by a multigene family termed var, which has a two exon structure: a conserved acidic cytoplasmic tail (ATS) and a highly polymorphic N-terminus displaying variant numbers of Duffy binding-like (DBL) domains (2) . It is within the highly polymorphic Nterminus that several ligands for different endothelial receptors have been mapped (reviewed in 3).
In addition to cytoadherence, it is now widely accepted that the adhesion of infected erythrocytes to uninfected erythrocytes, a phenomenon called rosetting, further contributes to the pathology associated with falciparum infections (4) . Indeed, rosetting has been associated with severe malaria; it is common in parasites from patients with malaria complications in many field studies (5) (6) (7) (8) (9) (10) (11) . Moreover, several lines of evidence have demonstrated that the most N-terminal DBL1␣ of PfEMP1 mediates rosetting (12) (13) (14) (15) . Thus, PfEMP1 plays a major role in cytoadherence and rosetting. Both phenomena are directly associated with severe falciparum malaria.
Severe falciparum malaria is a complex of different clinical manifestations leading mainly to cerebral, renal, and pulmonary dysfunction. In many parts of the world, cerebral dysfunction is the more common severe manifestation causing death in 4-50% of the adults with severe malaria (16) . In regions such as Brazil, however, severe falciparum malaria is mostly associated with renal and pulmonary complications and very rarely with cerebral malaria (17) (18) (19) . Interestingly, a recent report has associated severe malaria in patients from French Guyana and particular var DBL␦ sequences, indicating that isolates from individuals with different clinical syndromes could be characterized by particular PfEMP1 repertoires (20) . Only one study is presently available on DBL1␣ genomic sequences from Brazilian isolates (21) . Here, we analyzed expressed var DBL1␣ sequences of parasites obtained from patients with severe malaria in the Brazilian Amazon to determine whether there were particular DBL1␣ sequences predominantly expressed in such patients.
Materials and Methods

Patients With Severe Malaria and P. falciparum Samples
We investigated six patients diagnosed and treated between 1987 and 2000 in different hospitals in the capital city of São Paulo, Brazil (Table 1 ). All patients were classified with severe falciparum malaria according to WHO parameters (16) . Procalcitonin (PCT) serum levels, recently implicated as a new parameter to diagnose malaria severity (22) , were determined using an immunochromatographic test (Brahms PCT-Q kit). After obtaining informed consent, blood samples were obtained and stored in liquid nitrogen. All patients had parasitemias Ͼ2% of P. falciparum ring forms in the peripheral circulation and half presented peripheral schizonts further supporting the severity of their infections. Other laboratory data from these patients are reported in Table 2 .
Patients With Mild Malaria and P. falciparum Samples
Eighty patients (20 from each different region as described below) with mild malaria were also included in this study. Samples were collected in different years and from different regions of the Brazilian Amazon: Mato Grosso (1997), Pará (1987 Pará ( -1997 , Rondônia (1997) , and Acre (1999). In addition, isolates NG1 to NG4 obtained from four patients were used to determine expressed var DBL1␣ sequences (see Table 1 ). Blood samples were collected and stored as described above.
In Vitro Culture and Purification of Mature Parasites
Parasites were cultured in vitro (23) and parasite growth monitored by Giemsa staining of thin and thick blood films. Parasites obtained from blood of patients with severe malaria were matured for one cycle to trophozoites and schizonts, and those from patients with mild malaria, with lower parasitemias (see Table 1 ), were maintained in culture for up to three cycles. Microscopic analysis of Giemsa-stained smears from all samples confirmed that they all had Ͻ1-3% of ring stages. Mature parasites obtained from all patients were purified as described elsewhere (24) .
DNA/RNA Extractions and cDNA Synthesis
Genomic DNA was obtained as described in Ferreira et al (25) and stored at 4ЊC. Total RNA from mature parasites was extracted according to Kyes et al (26) and stored at Ϫ70ЊC. As needed, 1 g aliquots of total RNA were treated in three consecutive 15-min parameter ␣ was 1.6315. The quartet puzzling method was used to choose the better likelihood tree (32) . All analyses were undertaken with PAUP* 4.06 (33) .
Expression of a var DBL1␣ Domain as a His-Tagged Bacterial Protein
The var gene segment coding for the DBL1␣ Nterminal domain from the P. falciparum isolate G2 (clone 1) was subcloned into the pRSET-C Vector (Invitrogen, Carlsbad, CA, USA). Authenticity of the recombinant plasmid was confirmed by DNA sequencing. After IPTG induction, the protein was expressed in Escherichia coli strain BL21 at 37ЊC for 2 hr and purified using the basic protocol of the HisTrap Kit using 8 M of urea and according to the manufacturer's instructions (Amersham Biosciences).
Immunofluorescence
After washing three times in PBS, thin blood smears were prepared with 0.5% blood group A Rh ϩ erythrocytes. Erythrocytes were fixed with acetone and 15-l aliquots of two His-tagged bacterial proteins, DBL1␣-His and Meta1-His (an antigen from Leishmania used as a negative control) both at 80 g/ml in PBS were dropped separately onto the smears and incubated for 30 min at room temperature. As a positive control, 15 l of an anti-human erythrocyte polyclonal mouse antibody were used. Slides were washed three times with PBS and binding was detected using an IgG2 monoclonal antibody against the His tag (Amersham Biosciences) and ImmunoPure FITC conjugate goat anti-mouse IgG (Pierce, Rockford, IL, USA).
steps at room temperature with DNase I (Life Technologies, Carlsbad, CA, USA) reaching a final volume of 20 l. The reaction was stopped by adding EDTA to a final concentration of 2.5 mM and incubation at 65ЊC for 10 min. One-microliter aliquots were used in PCR reactions using var DBL1␣-oligonucleotides (27) ; only samples that did not amplify were subsequently used in reverse transcription. cDNAs were prepared using the First-Strand cDNA Synthesis Kit (Amersham Biosciences, Little Chalfont, Buckinghamshire, England), and random hexadeoxynucleotides. Samples without reverse transcriptase were used in all reactions as yet another control of DNA contamination.
Polymerase Chain Reaction, Cloning, and Sequencing
Samples were amplified by polymerase chain reaction (PCR) as previously described (27) . PCR or RT-PCR fragments were resolved in 1% agarose gel, purified (28) , and cloned into the pGEM-T Easy Vector (Promega, Madison, WI, USA). Sequence was contracted and obtained from GATC GmbH (Konstanzs, Germany).
Sequence Analysis
Sequences were translated to amino acids by EditSeq Programme (DNAstar package) and submitted to BLASTP version 2.1.3 (29) . Alignments were done using ClustalX version 1.81 (30) . Maximum likelihood tree was constructed utilizing the GTR+I+G model, selected by Modeltest Program version 3.06 (31) . The value of the gamma distribution with shape
High-density Filters and Southern Hybridizations
Plasmid DNA from 320 individual clones was spotted in duplicates onto 12 ϫ 8 cm nylon Hybond N ϩ membranes (Amersham) by a robotic system (Flexys, Genomic Solutions, Ann Harbor, MI, USA) using a 96-pin head. Gridding density was two identical sets of (4 ϫ 4) ϫ 96. RT-PCR fragments were labeled using random primer with [␣ 33 P] CTP using the Multiprime DNA Labelling System (Amersham Biosciences) and T7 oligonucleotide was labeled with [␥ 33 P] ATP using T4 polynucleotide kinase. Membranes hybridized with T7 were washed in 6XSSC/0.5%SDS at 37ЊC for 15 min followed by another wash in the same solution at 5ЊC below Tm for 10 min. Membranes hybridized with var probes were washed at 2 ϫ SSC for 10 min at room temperature followed by two washes at 0.1 ϫ SSC/0.1% SDS at 65ЊC for 15 min each.
Results
P. falciparum DBL1␣ var Sequences Expressed in Patients With Severe Malaria Revealed Predominantly Expressed Sequences Lacking 1-2 Cysteine Residues
Fifty-seven DBL1␣ var RT-PCR fragments amplified from total RNA of mature parasites obtained from six patients with severe malaria were cloned and sequenced. A total of 25 different deduced amino acid sequences were obtained and compared in blast analysis to available sequences at GenBank. Two sequences had 100% identity with sequences already deposited: G29-7 with a var gene from a Vanuatu isolate (AF221773) and G3-R1 with a var gene from FCR3 strain (AJ133811). The other 23 sequences were unreported (GenBank accession numbers AF368922 to AF368944). Alignment of all 25 sequences showed that 8 sequences could be subgrouped due to deletions of 1-2 cysteine residues at their C-termini (Fig. 1) . These 8 sequences represent 3 sequences from patient G2 and one sequence from each severe patient (G3, G23, G29, G33, and G34). Significantly, these sequences were the most abundantly expressed in each patient as reflected by the large percentage (Ͼ33%) of identical clones sequences from each sample. These data demonstrate that there are P. falciparum DBL1␣ sequences lacking 1-2 cysteine residues that are predominantly expressed in parasites obtained from all patients with severe malaria included in this study.
DBL1␣ var Sequences Predominantly Expressed in Parasites Obtained from Severe Malaria Patients are Rarely Expressed in Parasites from Mild Malaria Patients
Having identified DBL1␣ var sequences lacking 1-2 cysteine residues predominantly expressed in all patients with severe malaria from the Brazilian Amazon, we next examined DBL1␣ var sequences expressed in parasites obtained from patients with mild malaria. Fifty-four DBL1␣ var sequences were obtained from parasites of four patients with mild malaria (see Table 1 ). Twenty-one different amino acid sequences were obtained from these patients. Sequence NG4-3 had 100% identity with varH sequence obtained from the Brazilian ItG2 isolate (AF275864). The other 20 sequences were unreported and submitted to GenBank (accession numbers AF368945 to AF368950 and AF416572 to AF416585). It is important to recall that we included the same patient at the moment of having severe malaria (G3) and 20 days later at the moment of a recrudescence diagnosed as mild malaria (NG2).
Phylogenetic Analysis of DBL1␣ Sequences
Phylogenetic analysis of the DBL1␣ domain from 46 different expressed var genes from Brazil (25 from severe and 21 from mild malaria) and 21 sequences from this same domain from Sudan obtained from GenBank was performed. Remarkably, the same sequences that had been subgrouped in the analysis of DBL1␣ sequences from patients with severe malaria remained subgrouped. Two sequences expressed in parasites from patients with mild malaria and one sequence from Sudan also subgrouped in this branch of the tree (see Fig. 1 ).
DBL1␣ var Sequences Expressed in Parasites Obtained from Patients With Severe Malaria are Frequently Present in the var Repertoire of Parasites Obtained from Patients With Mild Malaria
We then investigated whether the most predominantly expressed DBL1␣ var sequences from patients with severe malaria were present in the var gene repertoire of patients with mild malaria in the Brazilian Amazon. To address this, high-density filters were spotted with 320 clones representing DBL1␣ var sequences of parasites obtained from 80 patients with mild malaria and screened with different probes. First, we used a plasmid-specific probe (T7) to verify whether all the samples were spotted in approximately the same quantity ( Fig. 2A) . Second, we used single probes representing the most frequently expressed sequences from three individual patients and demonstrated that they are present in the genomic repertoire of many isolates from patients with mild malaria (Fig. 2B, 2C, and 2D ). Sequence analysis of several randomly chosen positive clones confirmed that they were identical to the sequence of the probe with which they reacted (data not shown). Similar results were obtained when filters were hybridized with complex RT-PCR probes from individual patients with severe malaria (data not shown). These data demonstrate that the sequences preferentially expressed in parasites from patients with severe malaria are amply present in the genomes of parasites from patients with mild malaria; however, they are rarely expressed in the latter.
A DBL1␣ Domain Expressed in Bacteria Binds Directly to Erythrocytes
Rosetting has been associated with severe malaria and is unequivocally mediated by particular sequences of to demonstrate PfEMP1 as the rosetting ligand of P. falciparum (13) . As positive and negative controls, a polyclonal mouse anti-human erythrocyte antibody and a nonrelated His-tagged protein from Leishmania were used, respectively. Similar to the positive control, the DBL1␣-His gave a distinct surface staining with all uninfected erythrocytes ( Fig. 3A and 3B ). In contrast, no staining was the PfEMP1 DBL1␣ domain (12) (13) (14) (15) . We thus investigated whether a DBL1␣ domain from the most abundantly expressed sequence of a patient with severe malaria could bind to erythrocytes. To do so, the DBL1␣ N-terminal domain from the P. falciparum isolate G2 (clone 1) (AF368922) was expressed with a 6ϫ-histidine tail in E. coli and used in IFA analysis. A similar methodology had been previously used detected with an unrelated Leishmania Meta1-His protein (Fig. 3C) .
Discussion
An understanding of the molecular mechanisms underlying severe noncerebral falciparum malaria should lead to rational and novel control strategies. Towards this end, we analyzed expressed P. falciparum DBL1␣ var sequences from patients with severe noncerebral malaria from the Brazilian Amazon. Twentythree different and previously unreported deduced amino acid sequences were obtained from parasites obtained from these patients. Significantly, all the patients with severe malaria harbored predominantly expressed PfEMP1 DBL1␣ sequences displaying a region lacking 1-2 cysteine residues that subgrouped them in clustal alignments. This subgroup was maintained when a similar analysis was performed using expressed sequences obtained from parasites of patients with mild malaria and sequences from this same var gene segment of isolates from Sudan available at GenBank. High-density filters representing genomic var DBL1␣ sequences of parasites obtained from 80 patients with mild malaria from four different regions in the Brazilian Amazon, revealed that these sequences are widely distributed; yet, they are predominantly expressed in patients with severe noncerebral malaria. This is the first report demonstrating an association between severe noncerebral malaria in patients from Brazil and particular PfEMP1 DBL1␣ sequences.
The results and conclusions drawn in this study were based on parasite material obtained from six patients diagnosed with severe noncerebral falciparum malaria. To identify these patients, we surveyed the clinical histories of 1599 patients with falciparum malaria kept at the Núcleo de Estudos em Malária da Superintendência de Controle de Endemias do Estado de São Paulo, Brasil (SUCEN) from 1987-2000. This laboratory is responsible for the diagnosis and treatment of all reported malaria cases in the city of São Paulo, a Brazilian non-endemic region. Most telling, it holds the highest number of clinical records of patients with severe malaria in Brazil. We were only able to identify six patients with the criteria determined by WHO to diagnose severe malaria. In addition to these criteria, we also demonstrated higher than normal PCT serum levels in four of these patients; this new parameter has been recently proposed to correlate disease severity and risk of mortality in malaria (22) . These numbers thus accurately reflect the scarcity of patients with severe malaria in Brazil and reinforce the biological value of the data obtained in this study.
It is now well established that there is relaxed transcription of most if not all var genes during ring stages. Thus, even with highly purified samples containing mostly trophozoite and schizonts used in the RNA extractions, we cannot exclude the possibility of minor contaminations with ring stages. Moreover, malarial infections are not clonal, even in regions of low endemicity. Therefore, it is not surprising to identify different var DBL1␣ transcripts in parasites obtained from the patients that participated of this study. Remarkably, however, there were predominantly expressed PfEMP1 DBL1␣ sequences in all parasites obtained from the six patients with severe malaria. Moreover, these sequences displayed a common region lacking 1-2 cysteine residues toward their C-termini that allowed them to be subgrouped in dendogram analysis.
To validate this result, we performed a similar analysis including expressed DBL1␣ sequences of parasites from patients with mild malaria and DBL1␣ sequences from this same gene segment from isolates of Sudan available at GenBank. Although the sequences of two clones from two patients with mild malaria lacked these cysteine residues, they represented only 1 out of 14 clones sequenced from each patient. Similarly, one sequence from Sudan also subgrouped in this analysis; unfortunately, we have no idea of the clinical status of this patient or whether this sequence is expressed. Worth of mentioning, because of their lower parasitemias, we cultured the parasites from the Brazilian patients with mild malaria for three cycles before extracting their RNA. var genes switch at a frequency of approximately 2% (34) . Moreover, there is a preference to switch back to the previously expressed var gene (35) . Thus, it is highly unlikely that after these three cycles a predominantly expressed DBL1␣ sequence could have been replaced. These data demonstrate that patients with mild malaria predominantly expressed DBL1␣ domains having all four cysteine residues in this region of the domain. In contrast, patients with severe noncerebral malaria harbor parasite populations predominantly expressing DBL1␣ domains lacking 1-2 cysteine residues. In fact, patient G3 at the moment of having severe malaria had predominant DBL1␣ sequences lacking two cysteine residues; 20 days later at a recrudescence with mild malaria, the predominant DBL1␣ sequences displayed four cysteine residues. It is thus tempting to speculate that a different folding of these domains confer the parasite populations expressing them different degrees of virulence and reinforce the importance of PfEMP1 domain folding in the pathology associated with malaria.
Two main phenomena have been associated with severe malaria: cytoadherence and rosetting. Of them, rosetting has been unequivocally demonstrated to be associated with particular sequences of the PfEMP1 DBL1␣ domain (12) (13) (14) (15) . Here, we demonstrate that a DBL1␣ domain representing the most abundantly expressed PfEMP1 DBL1␣ sequence from one of the patients with severe falciparum malaria expressed in bacteria binds to erythrocytes. Similar results have been reported using a GST-tagged var DBL1␣ domain from an isolate displaying all four cysteine residues (13). These results strongly suggest that this domain could induce rosetting in Brazilian field isolates; unfortunately, there are no reports of this phenomenon from Brazil, but clearly these studies are required to determine the role of rosetting in falciparum infections from this geographical region.
A recent study demonstrated the association of severe malaria with a particular var DBL␦ sequences in patients from French Guyana (20) . Together with the studies reported here, these data indicate that there are indeed associations of severe malaria with particular PfEMP1 sequences. However, in addition to the var multigene family, many other multigene families such as rif, stevor, clag, and pf60, likely involved in virulence, have been discovered in P. falciparum (reviewed in 36). High throughput methodologies can now be envisioned to discover and compare the repertoire of genomic and expressed virulent genes circulating in endemic regions with particular clinical syndromes of severe malaria. These data in turn should help in elucidating the molecular mechanisms underlying the different clinical manifestations to develop rationale alternative eradication control strategies.
